Two one-equation turbulence models proposed recently were applied to Navier-Stokes computations of viscous flows around ship hulls. The turbulence models consist of a single advection/diffusion equation for eddy viscosity. Flows around two tanker models, the HSVA Tanker and the Dyne Tanker, as well as a a flat plate were computed with these turbulence models. Results were compared with measured data and the computations with the conventional algebraic turbulence model. Resistance values computed with the one-equation models were found to be reasonably accurate compared with other numerical results. The wake distributions predicted by the present models showed more rounded contours which were improved from the ones by the algebraic model.
Two one-equation turbulence models proposed recently were applied to Navier-Stokes computations of viscous flows around ship hulls. The turbulence models consist of a single advection/diffusion equation for eddy viscosity. Flows around two tanker models, the HSVA Tanker and the Dyne Tanker, as well as a a flat plate were computed with these turbulence models. Results were compared with measured data and the computations with the conventional algebraic turbulence model. Resistance values computed with the one-equation models were found to be reasonably accurate compared with other numerical results. The wake distributions predicted by the present models showed more rounded contours which were improved from the ones by the algebraic model. A finite-volume approach with a cell-centered layout is adopted for spatial discretization.
The convective fluxes are evaluated by the third order accurate upwind scheme of MUSCL type based on the flux difference splitting, while the viscous fluxes are evaluated by central differencing scheme.
The boundary conditions are as follows : At the inflow boundary, velocity is specified as (u,v,w)= (1, 0, 0) and pressure condition is apmE=o, where e is the streamwise grid direction.
At the outflow boundary, au//9e=0 and p=0 are given. At the side boundary, auiA-=0 and p=0 where is the grid direction from a hull to the outer boundary. On the body surface, (u, v, w) =(0 , 0, 0) together with dpi/9=o are given as no-slip conditions.
The conditions on the center plane and the water plane are y-symmetry and z-symmetry.
The present scheme is designed to obtain a steady state solution efficiently at the expense of time accuracy. The explicit five-stage Runge-Kutta scheme is used as the time integration method which is proved to be stable and efficient for steady flow computations. To accelerate convergence of a solution to steady state, local time stepping, implicit residual smoothing and a multigrid method are employed in the present scheme. 
where ji is molecular viscosity.
The motivation for using f; rather than it comes from the fact that when lit is used very fine grid spacing and a careful numerical treatment are required near a solid wall due to the highly nonlinear behavior of lit. On the other hand, behaves linearly near a solid wall and these difficulties do not arise.
The working variable P is assumed to be governed by the following equation,
where the first term of RHS is the production and S, fo2
and ft2 are (6 ) (7 ) S is the vorticity magnitude and (I is the distance from the closest wall.
The second and the third terms of Effects of axisymmetric flow are included in the terms a2vd(ax,axi) and N2 (described below). The quantity di, is the distance to the closest wall and d is defined as d=dw=0.01ks where les is the roughness height and d is the modified distance in which wall roughness is taken into account. As mentioned earlier, a smoothed wall is assumed in the present applications and ks is set zero.
The functions are given by where y and yc are the normal distance to the wall and the y value where ( vt)oiner=(2)t)ooter, respectively. In the inner region, (vt)inner is given by the Prantl-Van Driest formulation as, (16 ) where 1(01 is the vorticity magnitude and (17 ) y+ is the distance to the wall in the wall unit.
In the outer region, the following expression is used.
where K and Co, are constants. Fwake is defined as (19 ) Fmax is the maximum value of the following function
and ymax is the value of y where P' = Fmax. Figs. 3 show the velocity and kinematic eddy viscosity distributions.
Both at x=0.1 and at x=0.296, the computed velocity distributions with three models agree well with the law of the wall. The kinematic eddy viscosity distributions show good agreement among three models except that the SA model gives higher peak values.
. 2 Ship Flows
The HSVA Tanker and the Dyne Tanker are selected as test cases, because these particular hulls have been the test cases in the past workshops") and therefore the extensive experimental data and numerical results are available.
The principal dimensions of the ships are presented in Table 3 and the body plans as well as the profiles are shown in Fig. 4 . The breadth B, the draft d and the framelines of the fore part of the two ships are identical, while the aft framelines are different. The Dyne hull is designed to have more U-shaped framelines than the HSVA Tanker". For any turbulence models and numerical schemes, it is very important whether or not they can simulate differences of flow fields for ship Table 1 Conditions of computations for a flat plate Table 2 Resistance coefficients of a flat plate hulls with small modifications. The conditions of computation are presented in Table  4 . The grids are generated by the algebraic/geometric method. The convergence criterion of flow computations is that L2 norm of the divergence of velocity drops five orders of magnitude from the initial residual. At this stage, the resistance value converges to four or five significant digits.
. 2 . 1 HSVA Tanker
The computed resistance coefficients are shown in Table 5 and in Fig.5 . Included is the experimental value at CETENA2), where CF is obtained from the ITTC 1957 line and CT =(1 +K)CF with K=0.217. The total resistance coefficients computed with the SA model and with the NT model are almost identical and both are larger than that with the BL model. The experimental value is in between the two groups.
The difference comes mainly from the amounts of the frictional resistance and the pressure drag is virtually independent of turbulence models.
Figs. 6 and Fig. 7 show the comparisons of the hull surface pressure distributions.
The overall pressure distributions are similar to each other, which corresponds to little difference of pressure drags.
Figs. 7 indicates that the negative peak of pressure at the bilge of the stern is slightly pronounced in the SA and the NT models than in the BL model while measured data2) shows yet lower value Cp-distributions along the waterline and the keel line are shown in Fig. 8 . Again, three distributions are nearly identical except for the slight difference at the stern region. Agreement with computations and measurement on the keel line are good except for the negative peak at the stern, where the peak is lower in the measurement as seen in the contour plot (Fig. 7) .
Figs. 9 show the distributions of friction velocity along the waterline and the keel line. Large discrepancy among three computations can be seen in the stern of the waterline, where the BL model produces the lower friction than the other two models. This is consistent with the lower frictional resistance of the BL seen in Fig. 5 give similar distribution pattern, though the level of the NT is a little lower than the SA. At x =0.476, the measured wake contour shows the so- Table 4 Conditions of computations for tanker models Table 5 Resistance coefficients of HSVA Tanker The resistance coefficients are tabulated in Table 6 and depicted in Fig. 12 viscosity with the factor of 2.5 at the core of the longitudinal vortex the "hook" shape can be generated. This suggests that too much eddy viscosity is one of the reasons why the "hook" is not simulated well. One of the weak points of the conventional turbulence models 
